The amino acid serine, despite its diverse metabolic roles, can become toxic when present in excess. Indeed, many bacteria rapidly deaminate exogenously supplied serine into pyruvate and ammonia, even at the expense of biomass production. Here we report a surprising case in which endogenously produced serine must be detoxified in order for the bacterium Escherichia coli to survive. Specifically, we show that E. coli cells lacking the sdaCB operon, which encodes a serine transporter and a serine deaminase, lyse upon glucose depletion when serine is absent from the growth medium. Lysis can be prevented by omission of glycine or by inhibition of the glycine cleavage system, suggesting that activation of glycine catabolism upon glucose depletion causes a transient increase in intracellular serine levels. Heterologous expression of the serine transporter SdaC is sufficient to prevent lysis, indicating a dominant role for serine export, rather than deamination, in mitigating serine toxicity. Since lysis can be modulated by altering alanine availability, we further propose that mis-incorporation of serine instead of alanine into peptidoglycan crosslinks is the cause of lysis. Together, our results reveal that SdaC-mediated detoxification of intracellularly produced serine plays a protective role during sudden shifts in nutrient availability in bacteria.
Introduction

1
The amino acid serine is a centrally important biomolecule, not only as a substrate for 2 protein synthesis but also as a precursor of nucleotides, redox molecules, phospholipids Recent revelations that serine biosynthesis genes are amplified or up-regulated in 7 many cancers [3] [4] [5] [6] and required for host colonization by bacterial pathogens 7, 8 has led 8 to renewed interest in elucidating the fundamental principles governing serine 9 metabolism in all cells.
10
When exogenous serine is available, proliferating bacterial and mammalian cells 11 deplete it rapidly, far faster than any other amino acid [9] [10] [11] . This observation has been 12 cited as evidence that replicating cells require large amounts of serine to generate 13 biomass and functional metabolites such as one-carbon units 2, 12 . However, bacteria 14 deaminate the majority of exogenous serine to produce pyruvate and ammonia 13,14 15 ( Fig 1A) , even though this pathway competes with biomass-producing reactions and 16 antagonizes growth 13 . Serine deamination is clearly important because E. coli 17 expresses at least one of its three serine deaminase enzymes under any given 18 condition 15 , yet the metabolic benefits(s) of this reaction remain unclear.
19
Serine deamination in bacteria is considered a detoxification mechanism because 20 free intracellular serine inhibits biosynthesis of isoleucine and aromatic amino 21 acids 16, 17 . Indeed, all three E. coli serine deaminases have K m values in the millimolar 22 range 18, 19 , consistent with a role in preventing serine excess 15 . E. coli cells unable to 23 deaminate serine become severely elongated in the presence of exogenous serine, 24 suggesting that high serine levels inhibit cell division 10, 15 . This toxicity likely stems 25 from defects in cell wall production given that mis-incorporation of serine in place of 26 alanine into peptidoglycan crosslinks impairs peptidoglycan biosynthesis 20 . In all 27 cases documented so far, toxicity is caused by import of excess serine; whether 28 endogenously produced serine can become toxic is not known.
29
Bacteria do appear to actively avoid high intracellular serine levels. For example,
30
the serine biosynthesis enzyme SerA is allosterically inhibited by serine 1, 21 . Ribosome of seryl-tRNAs are low compared to other amino acids. Surprisingly, the proportion of 34 charged to uncharged seryl-tRNAs was observed to be much lower in rich media indicating the importance of maintaining a strict ratio of serine to other amino acids 48 during metabolic shifts. Because glucose is the biosynthetic precursor of serine, we 49 propose that SdaC is required to maintain serine homeostasis when cells are suddenly 50 required to switch their serine production strategy.
51
Results
52
Cells lacking sdaCB exhibit a growth defect during entry into 53 stationary phase.
54
The E. coli genome encodes three separate serine deaminases (Fig 1B) , of which at 55 least one is always expressed; SdaA predominates in nutrient-poor conditions, SdaB 56 predominates in nutrient-rich conditions, and TdcG predominates during 57 anaerobiosis 15, 25 . SdaB is co-expressed with the predicted serine transporter SdaC 26 , 58 but the functional interplay between these two proteins is unknown. To investigate the 59 role of serine deamination in different growth conditions, we constructed strains of E.
60
coli (BW25113) harboring single deletions of sdaA, sdaCB or tdcG (Fig 1B) . E. coli 61 grown in minimal media containing serine require sdaA for survival 27, 28 because free 62 serine inhibits the biosynthesis of some other amino acids 16, 17 . We confirmed that our
63
ΔsdaA strain is unable to grow in MOPS minimal medium containing 1.5mM serine
64
( Fig 1C) . Under the same conditions, deletion of the sdaCB or tdcG genes does not 65 negatively impact growth (Fig 1C) , consistent with reports that they are not highly 66 expressed in minimal media 28 .
67
To investigate the role of serine deamination in nutrient-rich conditions, we 68 monitored the growth of wild-type and the three serine deaminase single mutant 69 strains in MOPS rich medium (minimal medium supplemented with amino acids and 70 nucleobases) containing 5mM serine. All four strains exhibited identical growth 71 kinetics until they began transitioning to stationary phase, at which point the optical 72 density (OD) of the ΔsdaCB strain stopped increasing, resulting in a defect in overall 73 growth yield (Fig 1D) . This result suggested to us that sdaCB is not required for 74 exponential growth in the presence of serine in rich media but may become beneficial 75 when specific nutrient(s) are depleted. Interestingly, the growth yield defect of
76
ΔsdaCB cells was smaller in a medium containing glycerol, rather than glucose, as the 77 carbon source (Fig S1) , suggesting that the effect may be glucose-specific.
78
To estimate the effect of SdaC/B activity on growth in rich media, we performed 79 the same experiment described above in the context of a had a dramatically higher growth yield (Fig 1E) , suggesting that SdaC/B activity 85 competes with reactions that convert serine into biomass and consumes the majority 86 of exogenous serine. Together, these results indicate that the sdaCB operon is highly 87 active during nutrient-rich growth despite antagonizing biomass production, and may 88 benefit cells as they transition to nutrient deprivation.
89
Cells lacking sdaCB lyse upon glucose depletion 90 Because we observed a growth defect of the ΔsdaCB strain in glucose-containing rich 91 medium during entry into stationary phase, we hypothesized that sdaCB might aid 92 cells in making the metabolic changes necessary to adapt when glucose is exhausted.
93
To test this idea, we compared the growth of wild-type and ΔsdaCB cells in modified 94 rich media in which availability of glucose was limited. In media containing 1.4mM 95 glucose (20-fold lower concentration than normal) and lacking serine, wild-type cells 96 grew normally to a final OD 600 that was approximately 2.5-fold lower than in rich 97 medium (Fig 2A) . In the same low glucose medium, the ΔsdaCB strain grew similar 98 
4/27
to the wild-type until approximately 150 min, at which point its optical density 99 suddenly began decreasing, eventually dropping to background levels (Fig 2A) . This 100 phenotype was observed only when both glucose and serine were limiting; addition of 101 either 5.6mM glucose or 3mM serine restored growth to wild-type levels (Fig 2A) .
102
Lysis of ΔsdaCB cells was also observed in a different E. coli genetic background 103 (MG1655), indicating that the phenotype is not strain-specific (Fig S2) .
104
A downward trend in optical density is often indicative of cell lysis; indeed, we 105 observed by microscopy that ΔsdaCB cells, but not wild-type cells, lysed 106 approximately 150 min after dilution of the overnight cultures (Fig 2B) . Interestingly, 107 lysis was not preceded by significant morphological changes (Fig 2B) (Fig 3B) , whereas ΔsdaCB cells still lysed when harboring 131 a plasmid expressing sdaB under the control of the sdaCB promoter ( Fig 3B) .
132
Together, these results indicate that sdaC expression is sufficient to prevent lysis,
133
regardless of whether sdaB is present (Fig 3B) .
134
Interestingly, a plasmid expressing sdaB under the control of the highly active 135 pLtetO-1 promoter 30 did prevent lysis of the ΔsdaCB strain (Fig 3B) , indicating that 136 over-expression of sdaB can substitute for loss of sdaC. To rule out the possibility that 137 insufficiency of the ΔsdaB mutation to cause lysis is due to compensatory induction of 138 another serine deaminase, we constructed a ΔsdaB ΔsdaA ΔtdcG triple deletion 139 strain; this strain also did not lyse upon glucose depletion (Fig S3B) . Finally, to rule 140 out the possibility that a genetic determinant other than the sdaC coding region is 141 responsible for preventing lysis, we constructed a derivative of the sdaC-expressing 142 plasmid containing a point mutation that introduces a premature stop codon after the 143 82nd amino acid of sdaC; this plasmid was unable to prevent lysis of ΔsdaCB cells
144
( Fig S3C) .
145
SdaC is thought to be a proton-serine symporter that imports serine under 146 physiological conditions 26, 31 . However, our observations that (i) sdaC is required for wild-type and mutant supernatants ( Fig S4) . These results are not consistent with 159 serine export by SdaC during glucose-replete growth, but it remains possible that 160 glucose depletion in the lysis condition reverses the electrochemical gradient for serine 161 transport through SdaC given that glucose increases the proton motive force [32] [33] [34] and 162 SdaC is a proton/serine symporter. We were unable to test this possibility directly by 163 measuring serine levels in the medium during glucose depletion since intracellular 164 serine released from lysed cells would confound our measurements.
165
The glycine cleavage system promotes lysis upon glucose 166 depletion 167 De novo serine biosynthesis begins with the glycolytic intermediate 168 3-phosphoglycerate, which is converted to serine via three steps 1, 6, 21 ( Fig 1A) . In order to determine which biochemical pathway(s) involved in serine production 178 might become more active upon glucose depletion, we constructed transcriptional 179 reporters for operons known to be involved in generating serine from other amino 180 acids: the glycine cleavage system (gcvTHP), serine hydroxymethyltransferase (glyA), 181 threonine dehydrogenase (kbl-tdh) and threonine aldolase (ltaE) (Fig 4A) . As controls, 182 we also constructed transcriptional reporters for the serine deaminase operon sdaCB 183 and the serine biosynthesis gene serA. Promoters of interest were cloned upstream of 184 the yfp translation initiation signals (RBS) and coding region in a low copy plasmid 185 ( Fig 4C) . We measured YFP levels over time in wild-type strains harboring each 186 reporter in two conditions: the lysis promoting medium (1.4mM glucose, no serine) or 187 the same medium containing additional glucose (5.6mM). We compared YFP 188 production from a given reporter over the time range at which ΔsdaC cells lyse in the 189 8/27 low-glucose condition ( Fig 4C) (Fig 4C) .
196
Based on the role of glycine in promoting lysis (Fig 2A vs. Fig 4B) hypothesis, gcvP deletion prevented lysis of the ΔsdaC strain (Fig 4D) . Notably,
202
ΔgcvP strains exhibited a growth defect relative to wild-type following glucose 203 depletion (Fig 4D) , strengthening the notion that glycine cleavage is a major means of 204 satisfying metabolic requirements when serine and glucose are absent.
205
The lysis phenotype is associated with a high serine to alanine that serine can be mis-incorporated into peptidoglycan crosslinks in place of alanine 20 , 213 likely due to weak substrate specificity of the enzyme MurC, which attaches L-alanine 214 to UDP-N-acetylmuramic acid in an early step of peptidoglycan biosynthesis 37 .
215
Mis-incorporation of serine was shown to reduce the rate of peptidoglycan production 216 and sensitize cells to β-lactam antibiotics 20 . As a result, we hypothesized that lysis of 217 the ΔsdaC strain could be due to a higher than normal serine to alanine ratio 218 (Fig 5A) . Indeed, when we added 1.8mM alanine to the lysis-promoting growth 219 medium (instead of the standard 0.8mM in our MOPS rich medium), ΔsdaC cells no 220 longer lysed (Fig 5B) . Strikingly, omission of alanine from the lysis-promoting medium 221 led to lysis of the wild-type strain (Fig 5C) , further implicating a high serine to 222 alanine ratio in triggering lysis upon glucose depletion. We also tested whether an 223 orthogonal approach to altering alanine availability promotes lysis; indeed, deletion of 224 one of E. coli's three alanine-synthesizing transaminases, alaA, resulted in lysis of cells 225 in which sdaCB was intact (Fig 5D) . Finally, addition of equimolar pyruvate to the 226 lysis-promoting medium was insufficient to prevent lysis of ΔsdaC cells, reinforcing 227 the notion that serine removal, rather than a product of serine deamination, is 228 required in this condition (Fig 5E) . 
Discussion
230
In this work, we found that glucose depletion in the absence of serine causes lysis of E. 231 coli cells lacking the sdaCB operon. Our results suggest that glucose depletion triggers 232 catabolism of glycine, and possibly other amino acids, to satisfy cellular serine 233 requirements and that the resulting increase in intracellular serine levels is surprisingly 234 deleterious (Fig 6) . In this context, serine detoxification is performed by the gene 235 products of the sdaCB operon, as evidenced by induction of sdaCB expression 236 ( Fig 4C) and lysis of ΔsdaCB cells (Fig 2A) upon glucose depletion. Interestingly, we 237 found SdaC to be the dominant activity in preventing toxicity of intracellularly 238 10/27 produced serine, thus revealing an unexpected role for serine transport in adaptation 239 to changes in nutrient availability. To our knowledge, this is the first report that 240 intracellularly produced serine can be toxic and that a serine transporter can mitigate 241 serine toxicity. The lysis phenotype is dependent on a high serine to alanine ratio,
242
suggesting that serine toxicity in this context arises due to interference of free serine 243 with the alanine-dependent step of peptidoglycan biogenesis, as reported by other 244 recent studies 10, 15, 20 . During exponential growth, intracellular serine synthesized from glucose or imported from the medium is efficiently funneled to reactions that produce biomass and/or functional metabolites. Upon glucose depletion in the absence of exogenous serine, cells must shift to amino acid catabolism as a serine source. This abrupt switch causes a transient spike in free serine levels that can lead to toxic incorporation of serine into peptidoglycan if the cell is unable to export excess serine via SdaC.
Our observations that the presence of glycine and activity of the glycine cleavage 246 system promote cell lysis upon glucose depletion (Fig 4) are consistent with a model in 247 which a switch to glycine catabolism produces a sudden and potentially toxic increase 248 in serine levels. Although the direct product of the glycine cleavage system is a methyl 249 group rather than serine, this methyl group is used by GlyA to convert additional 250 glycine molecules into serine. We were unable to perform experiments in a ΔglyA 251 background due to the extremely slow growth rate of strains harboring this deletion.
252
We conclude that toxicity is due to excess serine, rather than a lack of serine 253 deamination products, because (i) a mutant lacking all three serine deaminases did not 254 lyse ( Fig S3B) and (ii) exogenous pyruvate was unable to prevent lysis of ΔsdaC cells 255 (Fig 5E) .
256
Interestingly, ΔserA cells grown in glucose-replete media do not appear to activate 257 amino acid catabolic pathways upon exhaustion of exogenous serine, even though this 258 should allow them to continue growing (Fig 1E) ΔtdcG cells in our experimental condition (Fig S3B) . This difference may be due to 294 the source and amount of excess serine being different; in the case documented by
295
Zhang et al, serine deaminases detoxify exogenous serine (presumably the presence of 296 glucose and serine in the medium makes the electrochemical gradient less favorable for 297 serine export by SdaC), whereas in our case, endogenously produced serine (whose 298 concentration is likely lower than the millimolar K m of the serine deaminases) can be 299 detoxified by serine export through SdaC (which is more favorable due to both a lack 300 of external serine and a low internal pH caused by glucose depletion).
301
Consistent with our observation that modulating alanine availability influences the 302 lysis phenotype (Fig 5) , Zhang et overnight cultures were grown in rich medium containing 0.5% glucose and 10mM 489 serine and diluted 1:100 into experimental media. For the minimal medium experiment 490 (Fig 1C) , nucleobases and amino acids were omitted. Overnight cultures were grown 491 in minimal medium without serine and diluted 1:100 into minimal medium containing 492 1.5mM serine. For cloning and strain construction, bacteria were grown in LB medium 493 (BD/Difco) and the antibiotics carbenicillin (Carb; 100 µg/ml), chloramphenicol (Cm; 494 25 µg/ml) or kanamycin (Kan; 25 µg/ml) were included when required.
495
Strain construction
496
All experiments were carried out with wild-type Escherichia coli strains BW25113 (Table S1 ). Briefly, a Kan or Cm antibiotic cassette was amplified from 499 plasmid pKD13 or pKD32, respectively, using primers containing gene-specific 5 ′ 500 extensions (Table S2) . Each cassette was designed to remove the desired coding 501 region(s) upon homologous recombination, leaving regulatory regions intact.
502
Recombination was achieved by electroporating 500ng of cassette DNA into a strain 503 harboring plasmid pSIM6. pSIM6-harboring competent cells were prepared following 504 growth to OD 600 =0.4-0.5 in LB and heat shock at 42°C for 15 min to induce 505 expression of the λ-Red recombinase machinery 45 . When desired, the antibiotic 506 resistance cassette was excised using pCP20 as described 43 , leaving an 84bp scar 507 sequence. When making additional mutations in a strain already harboring a cassette 508 and/or scar sequence, the antibiotic cassette was generated by colony PCR from a 509 strain already containing the insertion using primers approximately 100 bp outside of 510 the insertion. This strategy yields a cassette with longer homology arms and 511 significantly reduced integration of the cassette into the locus of the first mutation.
512
Successful strain construction was confirmed by colony PCR and Sanger sequencing. with 250µl acid phenol-chloroform (pH 4.5) and 250µl glass beads (G1877, Sigma).
546
Samples were vortexed for 3 min at maximum speed and clarified by centrifugation at 547 12,000 g for 10 min at 4°C. The aqueous layer was collected and RNA was purified 548 using the Direct-zol RNA purification kit (Zymo Research).
549 300 ng purified RNA was treated with DNaseI (NEB) for 10 min at 37°C according 550 to the manufacturer's instructions. Reverse transcription (RT) was performed using 551 Maxima RT enzyme (EP0741, Thermo Fisher) and random hexamer primers using a 552 20µl reaction volume. After incubation at 25°C for 10 min, 50°C for 30 min and 85°C 553 for 5 min, samples were diluted 10-fold and 2 µl of diluted sample was used as 554 template for a 10 µl qPCR reaction in the next step. qPCR was performed using 555 Maxima SYBR Green/ROX qPCR Master Mix (FERK0221, Thermo Fisher) 556 according to the manufacturer's instructions. qPCR was performed in duplicate for 557 each RT reaction using primers listed in Table S2 . Negative RT controls were included 558 to confirm the absence of DNA contamination. For each gene, C T values were 559 converted to mRNA quantity by generating a standard curve from genomic DNA.
560
gapA mRNA was used as internal reference to normalize all other mRNA levels. 
